Memory CD8 + T cells are critical for host defense upon reexposure to intracellular pathogens. We found that interleukin 10 (IL-10) derived from CD4 + regulatory T cells (T reg cells) was necessary for the maturation of memory CD8 + T cells following acute infection with lymphocytic choriomeningitis virus (LCMV). T reg cell-derived IL-10 was most important during the resolution phase, calming inflammation and the activation state of dendritic cells. Adoptive transfer of IL-10-sufficient T reg cells during the resolution phase 'restored' the maturation of memory CD8 + T cells in IL-10-deficient mice. Our data indicate that T reg cell-derived IL-10 is needed to insulate CD8 + T cells from inflammatory signals, and reveal that the resolution phase of infection is a critical period that influences the quality and function of developing memory CD8 + T cells.
Memory CD8 + T cells are a principal component of immunity to intracellular pathogens such as viruses. They are distinguished by their ability to survive long term and to undergo rapid and robust proliferation and acquisition of effector function upon reexposure to antigen 1 . Despite the utility of memory CD8 + T cells in protection against pathogens (such as human immunodeficiency virus) that rapidly mutate to elude neutralizing antibodies, the development of T cell-based vaccines has proven problematic 2 . This failure has been largely due to an incomplete understanding of the signals and cell types that operate at different stages of the immune response to influence the quantity and quality of developing memory CD8 + T cells.
The T cell response to an acute infection can typically be divided into the following three phases: expansion, contraction and memory. During the first phase, naive CD8 + T cells divide and differentiate into effector cells that acquire the ability to produce the pro-inflammatory cytokines interferon-γ (IFN-γ) and tumor-necrosis factor (TNF), as well as cytotoxic proteins such as granzymes and perforin 3 . This process by which cytotoxic T lymphocytes (CTLs) undergo differentiation and clonal expansion is governed by signaling via antigens, costimulation and cytokine receptors (including the receptors for IL-2, IL-12, IL-27 and type I interferons) that induce the expression of transcription factors such as Eomes, T-bet and Id2 (ref. 4) . However, the strength and duration of these signals, particularly signaling via receptors for inflammatory cytokines, also regulate the long-term fates of these effector cells by influencing whether they differentiate into terminal effector cells (TECs) or maintain memory-cell potential and develop into memory precursor cells (MPCs). These cell fates are controlled by a coordinated set of changes in the expression of the transcription factors Id2, T-bet and Blimp-1, which promote TEC differentiation, and Foxo1, TCF-1, Eomes and Bcl-6, which promote MPC development [5] [6] [7] [8] [9] [10] . Activation of the kinases mTOR and Akt downstream of signaling via antigens, costimulation and cytokine receptors provide central regulation of the proliferation and function of CTLs by controlling anabolic metabolism, but they also regulate the differentiation of TECs and MPCs by enhancing T-bet expression and repressing Foxo1 activity 11, 12 .
Following clearance of the virus, the contraction and resolution phase ensues, in which the majority of the effector CD8 + T cells die and ~5-10% of the cells survive. The surviving cells enter the third stage, the 'memory' phase, and develop into central memory T cells (T CM cells), effector memory T cells and resident memory T cells that are maintained long term by IL-7 and IL-15 (ref. 4) . Little is known about the signals that operate during the second stage (the contraction and resolution phase) to influence the types and protective capacity of developing memory CD8 + T cells. Although virus is typically cleared by this time point during an acute infection, tissues remain inflamed, and repair processes are initiated to resolve inflammation and retain tissue homeostasis 13 . Sustained exposure of effector CTLs to bystander inflammation impairs the formation of mature memory cells and their precursors 14 . CD4 + T cells are also required during the contraction phase for the formation of functional memory CD8 + T cells, but the mechanisms of their actions are unknown 15 . Additionally, the anti-inflammatory cytokine IL-10 is important for the optimal maturation of memory CD8 + T cells 5, 16 , but the relevant physiological source of IL-10, as well as the phase in which IL-10 acts to regulate the formation of memory CD8 + T cells, remain ill defined.
Regulatory T cells (T reg cells) are necessary for resolving inflammation and achieving tissue homeostasis following infection, through multiple mechanisms, including expression of inhibitory cytokines such as IL-10 and transforming growth factor-β, regulation of nutrient and cytokine availability, and inhibition of the maturation and function of dendritic cell (DCs) and macrophages 17 . However, the importance of T reg cells in regulating the formation of memory CD8 + T cells is unclear, with some studies identifying their negative role in the development of memory CD8 + T cells 18 and others suggesting the opposite [19] [20] [21] . Given the connection between the requirement for CD4 + T cells and that of IL-10 in promoting the formation of memory CD8 + T cells, we investigated whether T reg cells might be linked to this process. In doing so, we identified a previously unknown role for T reg cells in promoting the development of memory CD8 + T cells through their production of IL-10 during the resolution phase of an acute viral infection. This finding indicated that the resolution of inflammation mediated by T reg cells is critical not only for tissue homeostasis but also for the formation of immunological memory.
RESULTS

IL-10 is required during the resolution phase of infection
To confirm and extend published studies investigating the role of IL-10 in the development of memory T cells, we infected IL-10-deficient (Il10 −/− ) and wild-type (Il10 +/+ ) C57BL/6 mice with the acutely infectious (Armstrong) strain of lymphocytic choriomeningitis virus (LCMV) and assessed the virus-specific CD8 + T cell response at memory time points (day 45-60 after infection) 5, 16 . Although the magnitude of the LCMV-specific response to the immunodominant epitopes of LCMV glycoprotein residues 33-41 (gp (33) (34) (35) (36) (37) (38) (39) (40) (41) ) and LCMV nucleoprotein residues 396-404 was similar for the two groups, there was a distinct difference in the composition of the splenic memory CD8 + T cell pool (Fig. 1a,b and Supplementary  Fig. 1a,b) . The majority of the CD8 + T cells from wild-type mice bore a KLRG1 − CD127 + T CM cell phenotype, whereas the CD8 + T cells from Il10 −/− mice were KLRG1 + CD127 − and had higher expression of granzyme B than that of their wild-type counterparts and therefore resembled TECs (Fig. 1a,b and Supplementary Fig. 1a,b) . Furthermore, the formation of CXCR3 + CD27 + CD62L + KLRG1 − T CM cells with higher expression of TCF-1 was impaired in Il10 −/− mice relative to their formation in wild-type mice (Fig. 1a,b and Supplementary Fig. 1a,b) . Thus, consistent with published work 5, 16 , we found that IL-10 was important qualitatively for the development of mature memory CD8 + T cells.
To determine when IL-10 was needed for the maturation of memory T cells, we infected wild-type mice with LCMV and treated them with neutralizing monoclonal antibody (mAb) to IL-10 during various phases of infection. As observed for Il10 −/− mice, mice treated with mAb to IL-10 for the entirety of the infection displayed impaired formation of mature KLRG1 lo CD127 hi and CD62L hi KLRG1 lo T CM cells relative to that of their control counterparts treated with phosphate-buffered saline (PBS) (Fig. 1c and Supplementary Fig. 1c ). This finding also suggested that alterations in the basal inflammatory state and/or the microbiota of Il10 −/− mice were probably not responsible for the shift in the makeup of the memory CD8 + 
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T cell pool 22, 23 . Mice treated with mAb to IL-10 during the priming phase of infection (days 0-8) had little or no alteration in the composition of their memory CD8 + T cell population relative to that of their counterparts treated for the entirety of infection (Fig. 1c) .
In contrast, CD8 + T cells in mice in which IL-10 blockade was initiated at day 8 displayed a more TEC-like differentiation state than that of control (PBS-treated) mice (Fig. 1c) , similar to mice treated with mAb to IL-10 for the entirety of infection. However, when the IL-10 blockade was begun at day 15, there was no defect in memory maturation (Fig. 1c) . These data suggested that the presence of IL-10 during the resolution phase of infection (days 8-15) was critical for the maturation of memory CD8 + T cells. Signaling through STAT3 is important in promoting the maturation of memory CD8 + T cells, which suggests that IL-10 might signal via this transcription factor and signal transducer 5 . To test this hypothesis, we generated P14 mice (which have transgenic expression of an LCMV-specific T cell antigen receptor) with T cell-specific deletion of the gene encoding the IL-10 receptor (Il10ra)(generating 'Il10ra f/f Cd4-Cre' mice, with loxP-flanked Il10ra alleles (Il10ra f/f ) deleted by Cre recombinase expressed from the T cell-specific gene encoding the coreceptor CD4 (Cd4-Cre)). We obtained T cells from those mice and transferred small numbers of these cells into congenically mismatched donors, followed by infection of the recipients with LCMV the following day. Although there was a substantially lower percentage and number of Il10ra f/f Cd4-Cre P14 cells than Il10ra f/f P14 cells that survived to a memory time point ( Supplementary  Fig. 2a) , consistent with published work examining Stat3-deficient CD8 + T cells 5 , Il10ra f/f Cd4-Cre P14 cells displayed no gross impairment in the formation of mature KLRG1 − CD127 + or CD62L + KLRG1 − populations, although they did display slightly more granzyme B protein and less TCF-1 protein than did Il10ra f/f P14 cells ( Supplementary Fig. 2a,b) . Thus, although Il10ra expression seemed to be important for the survival of CD8 + T cells in a competitive setting, the phenotypes of the Il10ra-deficient memory CD8 T cells did not fully recapitulate those observed in the IL-10-deficient mouse. These experiments suggested that IL-10 signaling acted in both an intrinsic manner and an extrinsic manner to support the generation and maturation of a phenotypically mature memory CD8 + T cell population.
It is possible that IL-10 acts in a CD8 + T cell-extrinsic manner to support memory maturation by insulating the effector CD8 + T cells from exposure to pro-inflammatory signals, such as IFN-α, IFN-β, IL-2 and IL-12, which drive terminal effector differentiation 8, 24, 25 . To investigate this hypothesis, we infected wild-type and Il10 −/− mice with LCMV and administered the dinucleotide CpG B, which is an agonist of Toll-like receptor 9, at day 8 or day 15 to induce further inflammation 26 . Wild-type mice were largely insulated from the excess inflammation, with negligible differences between the CpG B-treated group and the control (PBS-treated) group in memory CD8 + T cell composition (Fig. 2) . However, Il10 −/− mice treated with CpG B at day 8 displayed significantly greater loss of KLRG1 − CD127 + and CD62L + KLRG1 − T CM cells than did control (PBS-treated) Il10 −/− mice. In contrast, CD8 + T cells in Il10 −/− mice treated with CpG B at day 15 were indistinguishable from those in control (PBS-treated) Il10 −/− mice. Thus, IL-10 seemed to be important for insulating effector CD8 + T cells from inflammatory cytokines present during the resolution of infection that could sustain the differentiation or survival of TECs.
T reg cell-derived IL-10 is critical for CD8 + T cell memory Multiple cell types, including DCs, monocytes-macrophages and T cells, secrete IL-10 following infection with LCMV 27, 28 . To distinguish Fig. 1a, top) . Right, summary of results at left (as in Fig. 1a, bottom) . and CD62L + KLRG1 − T CM cells, comparable to the phenotype seen in Il10 −/− mice ( Fig. 3a and Supplementary Fig. 3a) . The findings reported above suggested that effector CD8 + T cells, CD4 + T cells, and/or T reg cells might act as the physiological source of IL-10 needed for the memory maturation of CD8 + T cells. We assessed IL-10 expression in these populations in 10BiT reporter mice, following infection with LCMV. 10BiT reporter mice have a bacterial artificial chromosome transgene containing Il10, with replacement of the endogenous coding segment of Il10 exon 1 with cDNA encoding the alloantigen Thy-1.1 (containing a stop codon), such that cells transcribing mRNA from the transgene express Thy-1.1 on their surface 29 . Published work has confirmed that Thy-1.1 + cells produce IL-10 during infection with LCMV 27 . Although virus-specific CD4 + T cells and CD8 + T cells, as well as T reg cells, had high expression of Thy-1.1 at day 5 after infection, as reported before 27 , only T reg cells continued to express Il10 during the resolution phase of infection. The substantial increase in the number of IL-10-competent T reg cells occurring between day 8 and day 15 is likely due in part to the increase in total T reg cell numbers as type I interferons wane 30 (Supplementary Fig. 3b) . Furthermore, T reg cells present during this phase displayed a more activated phenotype than that of T reg cells present at earlier time points, as shown by their loss of expression of the memory marker CD62L and progressive acquisition of expression of the activation markers CD69 and KLRG1 (ref. 31) (Fig. 3b) . The expression of Il10 (as inferred from the expression of Thy-1.1 protein) correlated strongly with the activation state of T reg cells, with KLRG1 + terminally differentiated T reg cells having higher Thy-1.1 expression than that of less-differentiated T reg cell subsets, both on a population basis and a per-cell basis (Fig. 3c) . IL-10-competent T reg cells were largely protected from in vivo labeling with antibody to CD4 (Supplementary Fig. 3c ), which suggested that these cells were located mainly in the white pulp of the spleen, a site that also contains lymphoid DCs and MPCs 32, 33 .
The data above suggested that T reg cell-derived IL-10 might be important for the maturation of memory CD8 + T cells. To test this hypothesis directly, we generated mice with deletion of Il10 specifically in T reg cells expressing the transcription factor Foxp3 (Il10 f/f Foxp3-Cre A r t i c l e s mice), as described 34 , infected these mice with LCMV and evaluated the formation of virus-specific CD8 + T cells at memory time points (days 45-60 after infection). Il10 f/f Foxp3-Cre mice displayed considerable alteration in the maturation of memory CD8 + T cells but not the number of these cells, relative to that of their Il10 f/f counterparts, as indicated by the large fraction of KLRG1 + CD127 − TEC-like CD8 + T cells ( Fig. 3d and Supplementary Fig. 3d ). Furthermore, Il10 f/f Foxp3-Cre mice had significantly fewer CD62L + KLRG1 − T CM cells, along with lower expression of the memory-associated markers CXCR3, CD27 and TCF-1 and higher expression of the effector-associated cytolytic factor granzyme B, relative to that of their Il10 f/f counterparts (Fig. 3d,e) . These results demonstrated that T reg cell-derived IL-10 was critical for the maturation of memory CD8 + T cells.
To further evaluate the importance of T reg cell-derived IL-10 in the maturation and function of memory CD8 + T cells, we infected Il10 f/f and Il10 f/f Foxp3-Cre mice with LCMV (Armstrong strain), isolated gp(33-41)-specific CD8 + T cells from these mice at a memory time point, and transferred an equal number of each genotype into congenically mismatched mice. We then challenged the recipient mice the next day with a recombinant strain of Listeria monocytogenes expressing the gp(33-41) epitope and, 4 d later, assessed the ability of the transferred cells to expand their populations and mediate bacterial control. Although the Il10 f/f cells were able to robustly increase in number and diminish the bacterial burden, the cells transferred from Il10 f/f Foxp3-Cre mice demonstrated substantial impairment in proliferation relative to the Il10 f/f cells and failed to reduce bacterial loads from the levels seen in control mice not given cell transfer (Fig. 4) . Therefore, T reg cell-derived IL-10 was critical for the development of protective memory CD8 + T cells in the circulation.
T reg cell-derived IL-10 regulates exposure to inflammation We next performed high-throughput sequencing for cDNA (RNA-seq) to evaluate the transcriptional profiles of virus-specific CD8 + T cells isolated from Il10 f/f Foxp3-Cre and Il10 f/f mice at day 15 after infection with LCMV ( Fig. 5a and Supplementary Fig. 4a ). Although the composition of virus-specific CD8 + T cells at this early time point seemed to be similar between the groups (Supplementary Fig. 4b) , we hypothesized that CD8 + T cells might be already programmed to adopt a more terminally differentiated state as further development occurs. Indeed many of the 81 genes differentially expressed by Il10 f/f Foxp3-Cre cells relative to their expression by Il10 f/f cells (adjusted P value, <0.2) encoded products associated with the formation and function of memory T cells (Fig. 5a and Supplementary Fig. 5) . A panel of select genes encoding biologically relevant products also showed dysregulation in CD8 + T cells from Il10 f/f Foxp3-Cre mice relative to their regulation in CD8 + T cells from Il10 f/f mice, with many of these genes being associated with pro-or anti-inflammatory gene sets (Fig. 5a) . We used gene-set-enrichment analysis (GSEA) to detect genome-wide changes in expression and identified significant enrichment in the effector signature in CD8 + T cells isolated from Il10 f/f Foxp3-Cre mice relative to results obtained for CD8 + T cells isolated from Il10 f/f mice, which displayed robust enrichment for genes with high expression in the memory signature 35, 36 (Fig. 5b and Supplementary Fig. 6a) . The transcriptional profile of CD8 + T cells isolated from Il10 f/f Foxp3-Cre mice also showed significant enrichment for genes encoding products in pro-inflammatory pathways, with their transcriptional signature resembling that of cells exposed to pro-inflammatory cytokines such as IL-12 or type I interferons, or Toll-like receptor ligands such as the synthetic RNA duplex poly(I:C) or CpG 37, 38 (Fig. 5c,d and Supplementary Fig. 6b-d) . Therefore, the progenitors of memory cells generated in Il10 f/f Foxp3-Cre mice displayed a more TEC-like differentiation state than that of their counterparts generated in Il10 f/f mice and a genetic signature suggestive of enhanced exposure to inflammatory signals.
Transfer of T reg cells 'rescues' memory maturation of CD8 + T cells
The findings reported above indicated that T reg cell-derived IL-10 might be important during the resolution phase of infection in controlling the degree of inflammatory exposure to effector CD8 + T cells as they develop into memory T cells. IL-10 restricts the maturation of DCs and their production of the pro-inflammatory cytokines IL-6, IL-1β and TNF 39 . Therefore, we assessed the maturation status of CD45 + CD11c hi MHCII + DCs in Il10 f/f Foxp3-Cre mice at day 15 after infection with LCMV and found that the surface expression of markers associated with mature DCs, including CD86, CD80, PD-L1 and PD-L2, was significantly higher in those cells than in their counterparts from LCMV-infected Il10 f/f mice (Fig. 6a) . Additionally, at day 15 after infection, higher concentrations of pro-inflammatory cytokines associated with mature DCs, including IL-6, IL-1β, TNF and IL-12p70, were present in the serum of Il10 f/f Foxp3-Cre mice than in that of Il10 f/f mice (Fig. 6b) . There was no difference between (Fig. 6b) , which indicated that these systemic alterations in the inflammatory milieu did not occur until after infection. We hypothesized that the production of IL-10 by T reg cells during the resolution phase might be critical for the suppression of inflammation and promotion of the memory maturation of CD8 + T cells. To further test this hypothesis, we used Foxp3 GFP-DTR mice (which have cDNA encoding the human diphtheria toxin receptor (DTR) fused to sequence encoding green fluorescent protein (GFP) inserted into Foxp3) to ensure depletion of T reg cells (via treatment with diphtheria toxin) at various time points after infection 40 . Consistent with published work 19, 20 , depletion of T reg cells at the time of infection with LCMV led to impairment in the maturation of CD8 + T cells at memory time points (days 45-60) (Fig. 7a  and Supplementary Fig. 7a) . However, when the depletion of T reg cells began at day 8 after infection, there was a similar defect in the formation of mature KLRG1 − CD127 + memory CD8 + T cells and that of CD62L + KLRG1 − memory CD8 + T cells. Mice that underwent depletion of T reg cells at day 15 after infection were indistinguishable from mice not treated with diphtheria toxin, which lent additional support to the model in which T reg cell-derived IL-10 was most critical during the immediate resolution phase in promoting the maturation of memory CD8 + T cells.
To further test that model, we purified IL-10-sufficient Foxp3 + CD4 + T reg cells from donor mice 8 d after infection with LCMV and transferred the cells into 'infection-matched' Il10 −/− host mice. Transfer of Foxp3 + CD4 + T reg cells into Il10 −/− mice was sufficient to restore the maturation state of CD45 + CD11c hi MHCII + DCs at day 15 after infection to that found in Il10 −/− mice that did not receive T reg cells (Fig. 7b) . Additionally, Il10 −/− mice that received IL-10-sufficient T reg cells displayed a significantly greater proportion of mature memory CD8 + T cells 45-60 d after infection and had higher expression of CD127 and TCF-1 along with lower expression of KLRG1 and granzyme B relative to that of Il10 −/− mice that did not receive T reg cells (Fig. 7c,d and Supplementary Fig. 7b) . Therefore, the presence of IL-10-sufficient T reg cells during the resolution phase of infection was sufficient to at least partially 'rescue' many of the defects in memory CD8 + T cell maturation observed in the absence of IL-10.
DISCUSSION
Understanding the signals that promote the formation of a protective memory CD8 + T cell population following viral infection is of crucial importance to furthering efforts in the design of T cell-based vaccines. Here we have described a process by which signals present during the resolution phase of infection promoted the formation of a mature memory CD8 + T cell pool. Early suppression of T reg cell function following infection allowed the activation and population expansion of effector T cells, but following eradication of the virus, IL-10-producing T reg cells accumulated to resolve inflammation and initiate tissue repair and simultaneously promoted the development and maturation of protective memory CD8 + T cells. Our results highlight the need to consider, in the design of T cell-based 
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A r t i c l e s vaccines, not only the initial signals T cells encounter following vaccination but also the inflammatory environment present during the resolution phase. Our findings indicated an important role for T reg cells in promoting the maturation of memory CD8 + T cells through calming of the activity of DCs (and probably other pro-inflammatory cells) via the production of IL-10. Our work is consistent with findings showing that DCs that cannot sense IL-10 secrete enhanced amounts of pro-inflammatory cytokines following activation 39 . T reg cells can also suppress DC activation through other mechanisms. For example, T reg cells can induce downregulation of the expression of CD80 and CD86 on DCs through a process dependent on the integrin LFA-1 (α L β 2 ) and the immunomodulatory receptor CTLA-4 (CD152) 41 . Additionally, T reg cells can inhibit the activation of DCs through the hydrolysis of extracellular ATP via expression of the ectoenzyme CD39, or through the induction of immunosuppressive tryptophan metabolism in DCs 42, 43 . Thus, IL-10 production is probably one of multiple mechanisms by which T reg cells can promote the development of memory CD8 + T cells.
DCs can be categorized into distinct subsets by their surface expression of CD8, with CD8 + DCs ('lymphoid DCs') marked by enhanced expression of pro-inflammatory cytokines 44 . Lymphoid DCs are selectively located in the T cell zone in the spleen and are found mainly in the white pulp 32 . MPCs are also located mainly in the white pulp and, when they encounter large amounts of inflammatory signals, can further differentiate into TECs 24, 33 . We found that IL-10-competent T reg cells were present mostly in the white pulp, which would position them optimally to regulate the inflammatory state of DCs and thus insulate CD8 + T cells from excess signals and preserve their MPC state. Our work suggests that tight regulation of the amount of inflammatory cytokines produced by DCs during the resolution phase is critical for the maturation of memory CD8 + T cells.
T reg cells are reported to have both negative roles 18 and positive roles [19] [20] [21] in regulating the development of CD8 + T cell memory. Studies indicating a role for T reg cells in the promotion of splenic CD8 + T cell memory have focused on the function of T reg cells during the priming phase of infection through regulation of T cell avidity or IL-2 availability. Here we have identified a previously unknown role for T reg cells, during the resolution phase following viral infection, in promoting the memory maturation of CD8 + T cells. The function of T reg cells during the resolution phase is distinct from that shown in previous work [19] [20] [21] , as T reg cell-derived IL-10 was not necessary during the priming phase for the optimal memory maturation of CD8 + T cells. Collectively, this indicates that T reg cells are capable of modulating T cells through discrete mechanisms at different time points and sites to allow the memory maturation of CD8 + T cells while simultaneously suppressing immunopathology and promoting the reestablishment of tissue homeostasis 45, 46 .
Our study might also have implications for the ability to design vaccines against pathogens such as human immunodeficiency virus and influenza virus, which are intransigent to current vaccination approaches. Our work indicated that the presence of IL-10-competent T reg cells during the resolution phase was necessary for the maturation of memory CD8 + T cells. Thus, treatment with IL-10 during the resolution phase following vaccination might allow improved vaccine efficacy. Alternately, the administration of rapamycin during this phase might represent another approach, because rapamycin promotes the selective population expansion of T reg cells in vivo and enhances the quantity and quality of CD8 + T cell memory 11, 47 . Treatment with rapamycin also enhances the formation of broadly neutralizing antibodies 48 and thus might operate through multiple mechanisms to promote vaccine efficacy. Additionally, our work suggests that the use of adjuvants that elicit more IL-10 production might be more effective in eliciting a protective CD8 + T cell response than are adjuvants that induce small amounts of IL-10. Indeed, published work has found that the ability of adjuvants to elicit IL-10 positively correlates with their ability to generate memory CD8 + T cell upon immunization 49 . Thus, our study suggests a critical period of time during which therapeutic intervention might allow considerable enhancement of the ability of vaccines to promote a productive immune response, leading to long-lasting and protective immunological memory.
METhODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METhODS
Mice, infections and bacterial titers. C57BL/6 mice were from the National Cancer Institute or The Jackson Laboratory. B6.129P2 Il10 tm1Cgn/ J (Il10 −/− ) mice, B6.129(cg)-Foxp3 tm3(DTR/GFP)Ayr/ J (Foxp3 GFP-DTR ) mice and B6.129 (Cg)-Foxp3 tm4(YFP/cre) Ayr/J (Foxp3-Cre) mice were from The Jackson Laboratory 51 . 10BiT mice 52 , Il10 f/f mice 53 and Cd4-Cre, Lyz2-Cre, Cd11c-Cre and P14 mice 54 have been described. Il10ra f/f mice were generated by the Flavell laboratory. Mouse genomic DNA of Il10ra was isolated from the C57BL/6 bacterial artificial chromosome clone RP23-329F21 (BACPAC Resources Center, Children's Hospital Oakland Research Institute). A targeting vector was constructed by cloning of three genomic fragments into the plasmid pEasy-Flirt. The construct was designed to target exon 3 of Il10ra, which contains the translation-initiation site of Il10ra, and thus allow abolishment of IL-10Rα protein after deletion by Cre recombinase. The vector pEasy-Flirt has both Flp recombinase for deletion of the neomycin cassette and Cre recombinase sites to target exon 3 of Il10ra. The linearized targeting vector was then transfected into mouse embryonic stem cells (JM8 line). Homologous recombinants were screened and identified by PCR analysis. Clones carrying the mutated alleles of Il10ra were injected into blastocycts that were then implanted into foster mothers. Chimeric mice were bred to C57BL/6 mice, and the F 1 generation was screened for identification of germline transmission. All mice studied were 6-8 weeks of age.
For the generation of mice bearing LCMV-specific epitopes, splenocytes from P14 donor mice 'normalized' for 5 × 10 4 naive P14 CD8 + T cells (with expected engraftment of 10%; thus, 5 × 10 3 cells) were transferred into C57BL/6 mice by intravenous injection. Bacterial titers were quantified by lysing of whole livers in 0.5% Triton-X100 and plating of tenfold serial dilutions of bacteria overnight on brain-heart-infusion agar plates. All animal experiments were done with approval of the Yale Institutional Animal Care and Use Committee.
Infection and treatment.
For primary infection, mice were given intraperitoneal administration of 2 × 10 5 plaque-forming units of LCMV, Armstrong strain. For rechallenge experiments, mice were given 2 × 10 4 colony-forming units of recombinant L. monocytogenes expressing the LCMV gp (33) (34) (35) (36) (37) (38) (39) (40) (41) epitope. For blockade of IL-10, mAb to IL-10 (JES5-2A5; provided by J.M.M. den Haan) was administered at a dose of 0.25 mg/ml every other day for the appropriate period of time for the experiment. For treatment with CpG B, mice were given intraperitoneal administration of a dose of 3.75 µg CpG B per mouse every other day starting on the day appropriate for the experiment and ending after three doses had been administered. Bacterial titers were quantified by lysing of whole livers in 0.5% Triton-X100 and plating of tenfold serial dilutions of bacteria on brain-heart-infusion agar plates, followed by incubation overnight. Diphtheria toxin was reconstituted according to manufacturer's instructions (Sigma). Mice were given two intraperitoneal injections of diphtheria toxin at a dose of 50 µg per kg body weight on the appropriate day, as well as the following day, as described 55 .
